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CHANGE I N  THE DEGREE OF NONREGULATLITY OF THE 

INTERPLANETARY MAGNETIC FIELD WITH 
"HE CYCLE OF SOLAR ACTIVITY 

A. I. Kuz'min, G. V Sk r ip in  and V. A. Fi l ippov 

ABSTRACT. P rope r t i e s  of t h e  f i r s t  and second sphe r i ca l  
harmonics of cosmic ray d i s t r i b u t i o n  are used t o  study t h e  
changes of t h e  in t e rp l ane ta ry  f i e l d  wi th  s o l a r  a c t i v i t y  cycle.  
It is  found t h a t  f i e l d  nonregular i ty  undergoes g rea t  changes 
i n  t h e  l a r g e  s c a l e  region,  bu t  is  smaller i n  t h e  small scale 
region. 

We know 11 - 31 t h a t ,  from i n v e s t i g a t i n g  t h e  an i so t rop ic  p rope r t i e s  of /241!  

cosmic r ays ,  w e  can f i n d  information on t h e  degree of  r e g u l a r i t y  of t h e  

in t e rp l ane ta ry  magnetic f i e l d  ( F  = - 
ve loc i ty  of t h e  s o l a r  wind and o the rpa rame te r so f  t h e  in t e rp l ane ta ry  atmos- 

phere. 

on t h e  geometry of t h e  f i e l d ,  t h e  DL\ 
DIIF 

I n  t h i s  paper,  based on changes i n  t h e  p rope r t i e s  of the  f i r s t  and 

second s p h e r i c a l  harmonics of t h e  cosmic ray d i s t r i b u t i o n  i n  t h e  s o l a r  system, 

w e  i n v e s t i g a t e  t h e  changes i n  t h e  degree of nonregular i ty  of t h e  in te rp lane-  

t a r y  f i e l d  and o the r  p rope r t i e s  of the s o l a r  wind with t h e  cycle  of s o l a r  

a c t i v i t y .  

Figure 1 shows t h e  vec tors  of t h e  f i r s t  harmonicg and Figure 2 shows the  

vec tors  of t h e  second harmonic of d iu rna l  v a r i a t i o n  i n  i n t e n s i t y  of muons, 

r eg i s t e red  by t h e  Yakutsk equipment f o r  f i v e  2-year per iods from March 1958 

t o  February 1969 and the  averages f o r  t h e  e n t i r e  10-year period. 

* 
Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  f o r e i g  text. 
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The da ta  have been corrected f o r  t h e  barometric e f f e c t .  The f i g u r e s  give 

t h e  r e s u l t s  of i n t e r p r e t i n g  t h e  measurements on t h e  su r face  of t he  Earth (0) 

and below the  Ea r th ' s  su r f ace  at levels of 7 ,  2 0 ,  60 m. The vec tors  N - S 

denote t h e  readings from t h e  te lescopes  o r i en ted ,  r e spec t ive ly ,  t o  t h e  nor th  

and t o  t h e  south.  S - N i s  t h e  d i f f e rence  i n  t h e  readings from t h e  southern 

and t h e  nor thern  te lescopes .  The vec tors  A and A a r e  t h e  components r 

and r 

observed vec tors  using the  method of crossed te lescopes  and rece iv ing  vec to r s  

[2] .  In  t h i s  case,  according t o  [l - 31, f o r  t h e  f i r s t  harmonic w e  used t h e  

energy spectrum of anisotropy i n  t h e  form 

1 
1 1 2 

of t h e  primary anisotropy A (r10r11r20r21r22). They were obtained from t h e  2 

0,6.b A ( E )  = - b + E '  

For t h e  second harmonic, t h e  type of spectrum corresponds t o  t h e  mechanism 

of cosmic ray screening by t h e  s e c t o r i a l  i n t e r p l a n e t a r y  magnetic f i e l d  [4] .  

The vec tors  Tl, T 

t h e  instrument e f f e c t s .  They a r e  found by t h e  method of crossed te lescopes  

r e f l e c t  t h e  cont r ibu t ion  of atmospheric temperature and 2 

From Figure 1 i t  i s  c l e a r  t h a t  t h e  average vec tor  A1 f o r  t h e  t e n  years  

l i e s  i n  a d i r e c t i o n  near  18 hours l o c a l  t i m e  and decreases wi th  depth of obser- 

va t ion .  
-_ 

As shown i n  [2 ,  31 such a dependence agrees w e l l  wi th  t h e  d i f f u s i o n  

mechanism of anisotropy of cosmic rays 111 with  t h e  energy spectrum. 

The amplitude T1 = 0.05% and tmax = 5 hours f o r  observat ions on t h e  su r face  

of t h e  Earth.  

instruments placed under t h e  Earth.  

The vector T1 i s  neg l ig ib ly  s m a l l  ( l e s s  than 0.03%) f o r  

From Figure 2 i t  is  c l e a r  t h a t  the  average vec tor  A2 f o r  t h e  t e n  years  - /: 
f o r  a l l  equipment has  t = 3.5 hours.  The h ighes t  va lue  of A i s  reached 

m a x  2 
a t  a level of 7 m v.u., where i t  is  equal t o  0.09%. 
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The vec to r  T i s  very s m a l l  at a l l  levels,  and wi th in  an accuracy of 2 
0.02% i t  can be  assumed t o  be neg l ig ib l e .  The energy spectrum of t h e  second 

harmonic has  a maximum i n  t h e  v i c i n i t y  of E N 70 GeV,  and i n  t h e  framework 

of t h e  screening model i t  can be  w r i t t e n  i n  t h e  form: 
0 

A ,  ( E )  -2 E ,  if E, < 70GeV, 

and 

A ,  ( E )  - E-2, if E :,> 70GeV. 

From t h e  f igu res  i t  i s  c l e a r  t h a t  t h e r e  are s i g n i f i c a n t  d i f f e rences ,  

both i n  s i z e  and i n  phase, i n  t h e  behavior of both vec tors .  

accuracy permits t r ac ing  t h i s  dependence only over t h e  f i r s t  harmonic separ- 

a t e l y  according t o  each level of observat ion.  Because of t h e  comparatively 

small s i z e  of t he  second harmonic, w e  can make only rough conclusions a f t e r  

averaging t h e  d a t a  from t h e  instruments  loca ted  at t h e  var ious levels. 

S ta t i s t ica l  

Data on the  f i r s t  harmonic f o r  t h e  per iod  from 1958 t o  1964 w e r e  

analyzed i n  d e t a i l  i n  12, 31, where a sof ten ing  of t h e  energy spectrum of 

t h e  anisotropy w a s  found with decrease i n  s o l a r  a c t i v i t y .  The yea r  1965 w a s  

of g rea t  i n t e r e s t  and w a s  a t i m e  of unexplained events .  

during t h i s  t i m e  t h e  s h a f t  i n  Yakutsk w a s  being reconstructed,  and the re fo re  

the re  are no d a t a  a t  depths of 20 and 60 m V.U. 

of 60 m v.u., azimuthal te lescopes  w e r e  operat ing i n  a d r i f t ;  t hese  te lescopes  

were o r i en ted  t o  t h e  east and w e s t  wi th  geometry s i m i l a r  t o  t h a t  of t h e  tele- 

scopes or ien ted  t o  t h e  northern and southern d i r e c t i o n s  

Unfortunately,  

S t a r t i n g  i n  1965, a t  a depth 

From Figure 1 i t  is  clear t h a t  i n  1965 on t h e  su r face  of t h e  Earth 

= 0.18%, i . e . ,  s l i g h t l y  smaller (by 10%) than i n  1962 - 1963. A t  a level 

of 7 m v.u., t h e  decrease i s  even more s i g n i f i c a n t  (by 40%). 

1963 %(7) = 0.157 2 0.017%, then i n  1965 A1(7) = 0.09 - + 0.02%. 

w a s  found t h a t  i n  t h e  per iod  of t h e  s o l a r  a c t i v i t y  minimum the  spectrum of 

I f  i n  1962 - 
Thus, i t  
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anisotropy i s  weaker i n  comparison with t h e  o t h e r  per iods.  The same conclusion 

w a s  reached by t h e  Aus t ra l ian  group [5 - 71 from da t?  on t h e  azimuthal tele- 

scopes i n  Chakaltaya and Yembudo, a t  a depth of 40 m V.U. They noted a 

s t rong  (by t h r e e  t imes) decrease i n  t h e  amplitude of t h e  d iu rna l  v a r i a t i o n  i n  

1965 i n  comparison with 1967. 

v a r i a t i o n  between readings of t h e  e a s t e r n  and t h e  western te lescopes  increases  

with increase  i n  s o l a r  a c t i v i t y .  These r e s u l t s  c l e a r l y  i n d i c a t e  a v a r i a b i l i t y  

i n  t h e  anisotropy spectrum, namely i t s  so f t en ing  with decrease i n  s o l a r  

a c t i v i t y  e 

The divergence of t h e  phases of t h e  d iu rna l  

I n  1965 a t  depths of 7 m V.U. and 60 m v.u., t h e  l a r g e  l o c a l  vec to r  T 

w a s  0.06 - + 0.02, with a t i m e  of t h e  maximum of about 1 4  hours. I n  Makerer 

t h e  azimuthal te lescopes a t  an angle of 45" t o  the  zeni th ,  d i r e c t e d  t o  t he  

east and t o  t h e  w e s t ,  r e g i s t e r e d  [8] i d e n t i c a l  amplitudes A = 0.16 - + 0.02%, 

and a t i m e  of t h e  maximum of 14.2 hours.  Hence, t h e  conclusion w a s  made t h a t  

sudden anisotropy d id  not  occur. %,is con t r ad ic t s  our conclusions,  s ince  a t  

a depth of 7 m V.U. t h e  te lescopes ( t h e i r  power c h a r a c t e r i s t i c s  are analogous 

t o  the  te lescopes  i n  Makerer) showed a notab le  vec to r  A1(7) = 0.09%. 

the  r e s u l t s  f o r  T obtained i n  Yakutsk and Makerer do agree. I n  o the r  per iods,  

under the  Ear th  the  l o c a l  vec tor  T i s  neg l ig ib ly  s m a l l .  I ts appearance i n  

1965, obviously,  i s  due t o  t h e  r e s t r u c t u r i n g  of temperature f luc tua t ions  of 

the  upper and lower atmosphere, 

However, 

1 

L e t  us a l s o  mention t h a t  i n  1965 under t h e  Earth a t  a depth of 60 m V.U. 

of t h e  vec tor  A is  a t  11 hours ,  i .e . ,  a t  an earlier t i m e  than i n  t h e  

An analogous behavior  of anisotropy i n  1965 w a s  discovered 
t m a x  , 1 
other  per iods.  

[9] i n  London based on readings from te lescopes  at a depth of 60 m V.U. 

/ 2 4 2 3  

All t h r e e  te lescopes  ( v e r t i c a l ,  nor thern  and eas t e rn )  showed an anisotropy 

of I n  [ 9 ]  such a behavior of  t h e  an iso t ropy  

is i n t e r p r e t e d  as the  absence i n  1965 of a co ro ta t iona l  mechanism (18 hours) 

and t h e  appearance of t h e  Compton-Hettingen e f f e c t  because of t h e  motion of 

the Earth i n  o r b i t .  However, t h e r e  is a p o s s i b i l i t y  f o r  explaining t h i s  e f f e c t  

= 0.05% with tmax = 6 hours.  

6 



by a change i n  geometry of t h e  s o l a r  wind. The period of t h e  s o l a r  a c t i v i t y  

minimum i s  accompanied by a " f l a t t en ing"  of t h e  wind region toward t h e  equa- 

t o r i a l  plane of t h e  Sun [ 3 ] ,  which leads  t o  t h e  appearance of anisotropy from 

t h e  Sun (12 hours) .  

I n  t h e  per iod of m a x i m a l  s o l a r  a c t i v i t y  i n  1967 - 1968, t h e  behavior 

of  anisotropy is similar t o  t h e  analogous per iod of t h e  previous s o l a r  cycle:  

t he  anisotropy inc reases ,  and i t s  spectrum becomes harder  i n  comparison wi th  

1965 e 

As shown i n  [ 4 ] ,  t he  ve loc i ty  of t h e  solar wind can b e  determined wi th  

the  a i d  of t h e  t i m e  of t h e  second harmonic m a x i m u m ,  where v = 400 t a n  tmax2 

km* sec-'. 

The degree of nonregulayi ty  i n  t h e  i n t e r p l a n e t a r y  magnetic f i e l d ,  

according t o  [3], can be found from 

where A (n) i s  the  amplitude of t h e  f i r s t  harmonic at t h e  l e v e l  of observa- 

t i o n  (n = 0,  7, 20, 60 m v.u.). 
1 

TABLE F .  DEGREE OF NONREGULARITY OF Using t h e  d a t a  i n  Figure 1 and - 

Figure 2 ,  w e  can compute F f o r  t h e  THE INTERPLANETARY MAGNETIC FIELD F, 
COMPUTED FROM DATA ON THE ANISOTROPY 
OF PRIMARY COSMIC RAYS. var ious  per iods and levels of  ob- 

se rva t ion .  The r e s u l t s  of t hese  

computations are given i n  Table 1. 

The e f f e c t i v e  energy of t h e  p a r t i c l e s ,  

1958--1959 0,37 0,37 0,39 0,65 7 0  belonging t o  each l e v e l  of r e g i s t r a -  

1962-1963 0,59 0,68 0,74 t i o n ,  are a l s o  given i n  t h e  tab le .  

1967-19G8 0,45 It is  found from t h e  expression 

1960-1961 0,52 0,64 0,70 0,82 6b0 
0,86 545 

1964--1965 0,64 0,69 - 0,98 340 - 0,72 0,94 - 
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where A ( € )  i s  the  energy spectrum of the  anisotropy.  

Table 2 g ives  t h e  results of  determining the  vec tors  and of t h e  

primary anisotropy.  

From Table 1 i t  i s  clear t h a t  i n  the  region of s m a l l  scales (Q 50 GeV) 

the degree of f i e l d  r e g u l a r i t y  v a r i e s  with t h e  cycle  of s o l a r  a c t i v i t y  i n  

s m a l l  l i m i t s  (0.37 - 0 . 6 4 ) .  A t  t he  same t i m e ,  f o r  t h e  region of l a r g e  

scales (% 140 GeV) t h e  f i e l d ,  with decrease i n  s o l a r  a c t i v i t y ,  becomes less 

regular ,  and F varies from 0.40 t o  0.98. Thus, t h e  degree of nonregular i ty  

of t h e  f i e l d  undergoes s u b s t a n t i a l  changes i n  t h e  region of l a r g e  scales, 

and i s  less s i g n i f i c a n t  i n  t h e  region of s m a l l  scales. Along with t h i s ,  t he  

o v e r a l l  importance of t h e  magnetized tubes of t h e  l a r g e  scales with a r egu la r  

f i e l d  grows w i t h  drop i n  s o l a r  a c t i v i t y .  

Table 1 a l s o  gives  the values  of E - t h e  m a x i m a l  energy of the 

p a r t i c l e s  subjec ted  t o  anisotropy. It was found by l i n e a r  ex t r apo la t ion  of 

the da ta  i n  t h e  t a b l e  up t o  F = 1. From t h e  t a b l e  i t  i s  clear t h a t  de- 

creases f o r  the per iod  from 1958  t o  1965 from 700 t o  400 GeV, and the average 

max 

E = 600 GeV. m a x  

I n s t i t u t e  of Astrophysical  Research 

Yakutsk Branch of t h e  Siberan Division 
Academy of Sciences USSR 

and Aeronomy 
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